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Abstract 
We performed RNA interference by expressing short hairpin RNA (shRNA) in the Ciona 
intestinalis embryo.  For this purpose, we identified a gene encoding U6 small nuclear RNA 
in the C. intestinalis genome.  The 1-kb sequence upstream of the U6 snRNA gene was 
sufficient for directing transcription of short RNA as revealed by Northern blot hybridization.  
A shRNA-expressing plasmid vector was constructed, in which shRNA-encoding 
oligonucleotides are inserted downstream of the U6 promoter.  A shRNA that contained a 
sequence homologous to the C. intestinalis tyrosinase gene (Ci-tyrosinase) suppressed 
melanization of pigment cells in the brain of morphologically normal tailbud embryos.  A 
shRNA that perfectly matched the translated sequence of EGFP (a mutant type of Aequorea 
victoria green fluorescent protein) suppressed the expression of the co-electroporated EGFP 
transgene.  These results suggest that the expression of shRNA interferes with functions of 
both endogenous and exogenous genes.  The shRNA-expressing plasmid constructed in the 
present study provides an easy and inexpensive alternative for the functional analysis of genes 
in ascidian embryos. 
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Introduction 
 
Disruption of gene function is a straightforward way to demonstrate the necessity of a gene of 
interest.  RNA interference (RNAi) is a powerful method to achieve this purpose (Fire et al. 
1998).  RNAi occurs when double-stranded RNA (dsRNA) is introduced into the cell.  A 
family of ribonucleases, called Dicers, cleave the dsRNA into short interfering RNA (siRNA), 
which is 21~23 nucleotides (nt) long (Bernstein et al. 2001).  The siRNA is incorporated into 
a multiprotein silencing complex, called RISC (Hammond et al. 2000).  RISC digests 
specific mRNA that contains the nucleotide sequence identical with siRNA (Schwarz et al. 
2002).  Instead of long dsRNA, siRNA can also initiate the RNAi pathway (Elbashir et al. 
2001).  Similarly, short hairpin RNA (shRNA) also effectively initiates the RNAi reaction 
(Hutvagner & Zamore 2002; Paddison et al. 2002).  A long dsRNA produces many different 
siRNAs that attack multiple sites within a single mRNA.  This increases efficiency but often 
causes degradation of non-target mRNAs.  By using siRNA or shRNA, highly selective gene 
silencing can be expected, particularly in the case of organisms for which comprehensive 
cDNA sequence data are available.  Plasmid vectors have been elaborated to express siRNA 
or shRNA within the target cell (for a review see Miyagishi & Taira 2004).  For driving the 
expression of these small RNA species, the promoter of U6 small nuclear RNA (U6 snRNA) 
was utilized (Miyagishi & Taira 2002; Tuschl 2002), because it does not require the sequence 
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element downstream of the transcription initiation site, unlike other promoters for RNA 
polymerase III (Das et al. 1988).  This unique feature enables one to obtain gene-specific 
small transcripts without an unwanted promoter sequence. 
 The ascidian Ciona intestinalis is thought to retain primitive chordate-specific 
morphological characteristics (Satoh 1994, 2003).  Its tadpole-type larva consists of a small 
number of cells.  The body plan is simple and cell lineage has been well documented 
(Conklin 1905; Nishida 1987).  The size of the C. intestinalis genome is 153~159 Mb, which 
is as compact as that of Drosophila melanogaster (Dehal et al. 2002).  The estimated number 
of genes in the C. intestinalis genome is 1.6 x 104 (Dehal et al. 2002).  A few hundred 
thousand expressed sequence tags have been sequenced, using cDNA clones obtained from 
embryos, larvae, and adult tissues (Satou et al. 2002).  Recently, large scale gene knockdown 
analyses have been performed based on the microinjection of morpholino oligonucleotides 
(Yamada et al. 2003; Imai et al. 2006).  However, microinjection is time-consuming and 
requires considerable dexterity.  RNAi experiments have been successfully carried out using 
colonial ascidians (e.g. Rosner et al. 2006; Sunanaga et al. 2007). 
 Here we report the possibility of using RNAi as a tool for analyzing gene function in 
the C. intestinalis embryo.  We identified the U6 snRNA gene in the C. intestinalis genome.  
After the transcriptional activity of the U6 promoter was tested, DNA fragments encoding a 
short hairpin RNA were inserted downstream of the U6 promoter.  These recombinant genes 
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were introduced into the fertilized egg by electroporation.  Specific target genes were 
silenced in a significant fraction of electroporated embryos. 
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Materials and Methods 
 
Animals 
The Ciona intestinalis juvenile adults were kindly provided by Kazuko Hirayama and Nori 
Satoh at Kyoto University.  They were cultured in Tosa Bay near the Usa Marine Biological 
Institute.  Gametes were surgically obtained from the gonoducts of mature adults.  Eggs 
were inseminated with non-self sperm.  Fertilized eggs were dechorionated with 0.05% 
actinase E (Kaken Pharmaceutical, Tokyo, Japan) and 1% sodium thioglycolate. 
 
Construction of transgenes 
Genomic DNA corresponding to the upstream region of the U6 snRNA gene was amplified by 
polymerase chain reaction (PCR) using primers U6F [5'-TGTACCTCGAGGTCGCAGACGA 
ACT-3' (XhoI site is underlined)] and U6R [5'-TTCGAATTCTAGTATATGTACTGC-3' 
(EcoRI site is underlined)].  U6F corresponds to the sequence located 1 kb upstream of the 
putative transcription start site.  U6R corresponds to the sequence located within the 
transcribed region (Fig. 1A).  The PCR product was once inserted into pGEM-T (Promega, 
Madison, WI, USA).  The genomic DNA fragment was excised out with XhoI and EcoRI, 
and inserted into the vector pSP72-1.27 (Corbo et al. 1997; Fig. 1C).  This plasmid was 
named pSP-U6. 
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A unique EcoRV site was then created at the putative transcription start site of U6 
snRNA as follows (Fig. 1C, E).  Using pSP-U6 as a template, the U6 upstream region was 
amplified again using KOD DNA polymerase (Toyobo, Osaka, Japan).  Primers U6R2 
[5'-GCTAGGATATCTATACCATCGGATG-3' (an EcoRV site is underlined)] and SP6-80 
[5'-CTGAGAGTGCACCATATGG-3'] were used (Fig. 1C).  U6R2 corresponds to the 
sequence around the putative transcription start site (Fig. 1A, C).  SP6-80 corresponds to the 
sequence of pSP72-1.27 vector (Fig. 1C).  The PCR product was digested with XhoI, and 
inserted into pSP72-1.27 that had been digested with XhoI and EcoRV (Fig. 1F).  A unique 
EcoRV site was located within the translated region of the lacZ gene of pSP72-1.27 (Fig. 1F).  
This plasmid was named pSP-U6RV (Fig. 1F). 
 Double-stranded oligonucleotides were prepared and inserted between the EcoRV 
and EcoRI sites of pSP-U6RV as follows (Figs 1F and 2A).  For instance, four synthetic 
oligodeoxyribonucleotides were prepared [TYR-S1 (5'-AAGATGTGTTTGACGG 
TGTTTGTGTGCTGTCC-3'), TYR-S2 (5'-AGCACACAAACACCGTCAAACACATCTT-3'), 
TYR-A1 (5'-AAACACTGTTAAATACATCTTTTT-3') and TYR-A2 (5'-AATTAAAAAGAT 
GTATTTAACAGTGTTTGGAC-3')] (Fig. 2B).  TYR-S2 and TYR-A1 were phosphorylated 
by using T4 polynucleotide kinase (Toyobo).  Equal amounts of TYR-S1 and TYR-S2 were 
mixed, incubated for 5 min at 75ºC, and slowly cooled down to form double-stranded oligo 
DNA (Fig. 2B).  Similarly, TYR-A1 and TYR-A2 were annealed (Fig. 2B).  These two 
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double-stranded oligo DNAs were inserted into pSP-U6RV, which had been digested with 
EcoRI and EcoRV (Fig. 2A, B).  Similarly, other synthetic double-stranded oligonucleotides 
were also inserted downstream of the U6 snRNA promoter (see Fig. 2B-E). 
 Ci-Bra/EGFP was constructed as follows.  The translated region of lacZ was 
deleted from 434-bp Ci-Bra/lacZ (Corbo et al. 1997) with KpnI and EcoRI.  The translated 
region (KpnI-EcoRI fragment) of EGFP was excised out from 3.5-kb Ci-Bra/EGFP plasmid 
(Corbo et al. 1997), and inserted downstream of the 434-bp Ci-Bra promoter/enhancer region 
instead of the lacZ fragment.  Nucleotide sequences were examined using a BigDye 
Terminator v3.1 cycle sequencing kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) 
and PRISM 3100-Avant Genetic Analyzer (Applied Biosystems, Foster, CA, USA). 
 
Electroporation and detection of EGFP expression 
The large scale preparation of plasmid DNA was carried out using QIAGEN tip-100 (Qiagen, 
Valencia, CA).  Transgenes were introduced into dechorionated embryos by electroporation 
as described by Corbo et al. (1997).  The plasmid DNA was dissolved in 500 μl of 0.77 M 
mannitol at a concentration of 80 μg/ml.  For co-electroporation experiments, the 
concentration of each plasmid was 80 μg/ml.  Expression of EGFP was examined with a 
Nikon Labophoto microscope equipped with an epifluorescence optic unit. 
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Northern blot hybridization and reverse transcriptase-PCR (RT-PCR) 
RNA probes were labeled with digoxigenin (DIG) according to the protocol supplied by 
Roche Diagnostics (Tokyo, Japan).  RNA was extracted from embryos essentially as 
described by Chomczynski and Sacchi (1987) with slight modifications (Fujiwara et al. 
1993). 
For Northern blot hybridization, the RNA was heated for 5 min at 95ºC, chilled in ice, 
and separated by polyacrylamide gel electrophoresis.  RNA Size Standard Marker III (Merck 
Novagen, Tokyo, Japan) was loaded next to the sample.  The gel contained 7.8% acrylamide, 
0.2% N,N'-methylenebisacrylamide, 0.67x TBE (60 mM Tris, 60 mM boric acid, 1.3 mM 
ethylene diamine tetra-acetic acid), 50% urea, 0.6% ammonium peroxodisulfate, and 0.027% 
N,N,N',N'-tetramethylethylene diamine.  The electrode buffer was 0.75x TBE.  After 
electrophoresis, the gel was stained with 0.5 μg/ml ethidium bromide in 0.75x TBE.  The gel 
was then put on the glass plate.  The nylon membrane Hybond-N+ (Amersham, Piscataway, 
NJ), three sheets of Whatman 3MM chromatography paper (Whatman, Maidstone, UK), and 
another glass plate were piled on the gel.  They were pressed by a weight for 6 h.  The RNA 
was made to cross-link to the membrane by applying ultraviolet irradiation for 90 sec.  The 
membrane was rinsed with 5x SSC [750 mM NaCl, 75 mM sodium citrate (pH 7.0)] for 5 min, 
and then incubated in hybridization solution [5x SSC, 0.1% sodium lauroylsarcosinate, 0.02% 
sodium dodecysulfate (SDS), 50% formamide, and 2% blocking reagent (Roche)] for 1 h at 
 -10-
50ºC.  The membrane was then hybridized with the DIG-labeled RNA probe in the 
hybridization buffer for 16 h at 50ºC.  The membrane was then washed twice with 2x SSC 
containing 0.1% SDS at room temperature, and twice with 0.1x SSC containing 0.1% SDS at 
65ºC for 15 min.  Hybridization signals were immunologically detected using an anti-DIG 
antibody conjugated with alkaline phosphatase and a chemiluminescent substrate, CSPD 
(Roche), according to the protocol supplied by the manufacturer. 
 For RT-PCR analysis, reverse transcription was performed essentially according to 
Ohashi et al. (1999) except that a primer [5'-T17(A/C/G)-3'] was used.  PCR was carried out 
using the following primer combinations: 5'-GCACTTCCAAAGATGTATTTAA 
CAG-3' and 5'-CAATTATCTCCTTGGTAACCTGCC-3' (for tyrosinase) and 5'-GTGCTTT 
CATTGTACGCTTCTGGTC-3' and 5'-CGGCGATTCCAGGGAACATAG-3' (for β-actin; 
Wakoh et al. 2004).  The PCR products were separated on agarose gels, and then transferred 
to Hybond-N+ nylon membranes by alkali blotting.  The DNA on the membrane was 
hybridized with specific RNA probes.  Hybridization signals were detected as described 
above. 
 
In situ hybridization 
In situ hybridization was performed essentially according to Mita and Fujiwara (2007), except 
that the immunological detection of hybridization signals was carried out using a buffer 
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containing 100 mM Tris-HCl (pH 7.5) and 150 mM NaCl, instead of phosphate-buffered 
saline.
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Results 
 
Activity of the C. intestinalis U6 snRNA promoter  
We found a single U6 snRNA gene in the C. intestinalis genome (Fig. 1A).  Its putative 
transcript showed 96% identity to human U6 snRNA (Fig. 1B).  A TATA box [TATAAGT] 
was found 32 bp upstream of the transcription initiation site (Fig. 1A).  A typical U6  
terminator sequence [TTTTT] was also found (Fig. 1A, B).  These sequence elements were 
conserved among U6 snRNA genes of various different species (Das et al. 1988; Paule and 
White 2000). 
 We isolated a 1-kb genomic DNA fragment upstream of putative transcription start 
site of the C. intestinalis U6 snRNA gene.  The fragment was inserted into a plasmid vector, 
pSP72-1.27 (Fig. 1C, D).  This plasmid was named pSP-U6.  Since the transcriptional 
terminator sequence for RNA polymerase III is [TTTT] (Paule and White 2000), the expected 
RNA product consisted of 163 nt (Fig. 1D).  pSP-U6 was introduced into the 1-cell C. 
intestinalis embryo by electroporation.  The embryos were allowed to develop until the early 
tailbud stage.  RNA was extracted from embryos and examined by polyacrylamide gel 
electrophoresis (Fig. 1E).  Northern blot hybridization detected three major bands (Fig. 1E).  
Among them, the size of the longest RNA was close to 163 nt (Fig. 1E-a).  The other two 
bands (Fig. 1E-b, c) were likely to be transcripts that were terminated at [TTT] sequences (Fig. 
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1D).  The results suggested that the C. intestinalis U6 upstream region of putative 
transcription initiation site was capable of directing transcription of about 100 nt of RNA.  A 
single EcoRV recognition sequence was then created at the putative transcription start site 
(Fig. 1F).  We used this plasmid, named pSP-U6RV, as an expression vector to produce 
shRNA in the C. intestinalis embryos (Fig. 1F). 
 
Expression of tyrosinase-specific shRNA 
We first tried to silence an endogenous tyrosinase-encoding gene.  Tyrosinase is a key 
enzyme in the melanin biosynthesis pathway (for a review see Slominski et al. 2004).  
Tadpole-like larvae of ascidians possess only two melanin-containing cells, otolith and ocellus 
(Dilly 1962, 1964).  A tyrosinase-encoding gene is expressed in their precursor cells 
(Caracciolo et al. 1997; Sato et al. 1997).  The C. intestinalis genome contains a single 
tyrosinase gene (Dehal et al. 2002).  The gene's ID at the C. intestinalis genome project web 
site (http://genome.jgi-psf.org/Cioin2/Cioin2.home.html) is gw1.12q.46.1 (Dehal et al. 2002). 
 A tyrosinase-specific synthetic double-stranded oligonucleotide was prepared and 
inserted into pSP-U6RV, that had been digested with EcoRV and EcoRI (Fig. 2A, B; see also 
Fig. 1E).  The plasmid was named, shTYR (Fig. 2B).  The oligonucleotide contained an 
inverted repeat of a 21-bp element separated by an 11-bp "loop" region so that their 
transcripts would form a hairpin structure (Fig. 2B).  The "antisense" region of the putative 
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shRNA product perfectly matches the sequence around the translation initiation codon of 
tyrosinase mRNA, while the "sense" region was designed to contain three point mutations 
(Fig. 2B, asterisks).  The oligonucleotide also contained a [TTTTT] sequence at one end for 
termination (Fig. 2A, B).  As a control, a plasmid, named shTYRmut, was prepared (Fig. 
2C).  Its putative shRNA product contained three point mutations so that its "antisense" 
region was not expected to hybridize with the tyrosinase mRNA (Fig. 2C, arrowheads). 
 Fertilized C. intestinalis eggs were electroporated with either shTYR or shTYRmut, 
and allowed to develop until the late tailbud stage.  Three independent experiments were 
carried out.  Pigment cells were quite normally developed in 93% of control embryos (Fig. 
3A, B).  In contrast, about 51% of experimental embryos exhibited weak or no pigmentation 
(Fig. 3A, C).  The overall morphology of these embryos was normal, suggesting that only 
pigmentation or pigment cell differentiation was affected (Fig. 3C).  The level of the 
tyrosinase mRNA was examined in electroporated embryos (Fig. 4).  A substantial amount 
of mRNA was observed by in situ hybridization in embryos lacking pigmented cells (Fig. 4A, 
B).  Expression of the tyrosinase mRNA was confirmed by RT-PCR analysis (Fig. 4C).  
Another shRNA was prepared, which corresponded to the sequence within the second exon.  
However, this shRNA did not affect the pigmentation (data not shown). 
 
Silencing an EGFP transgene by expressing shRNA 
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We tried to suppress a transgene that encoded EGFP, a mutant form of green fluorescent 
protein (GFP).  An EGFP-specific oligonucleotide was inserted into pSP-U6RV (Fig. 2A, D).  
This plasmid, named shEGFP, was designed to express a shRNA whose 23-nt "antisense" 
region perfectly matched the translated region of EGFP mRNA (Fig. 2D).  Embryos were 
co-electroporated with Ci-Bra/EGFP and the shEGFP.  Ci-Bra/EGFP contained a 434-bp 
upstream enhancer/promoter sequence of Ci-Bra, directing the EGFP expression specifically 
in the notochord (Corbo et al. 1997).  As a control, embryos were co-electroporated with 
Ci-Bra/EGFP and shTYR.  Electroporated embryos were allowed to develop until the early 
tailbud stage.  Two independent experiments were carried out.  EGFP-derived strong 
fluorescence was observed in 57% of control embryos (Fig. 5A, B).  In contrast, weak or no 
fluorescence was detected in 71% of experimental embryos (Fig. 5A, C).  Morphologically 
abnormal embryos were not counted in this experiment.
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Discussion 
 
Transcriptional activity of the C. intestinalis U6 snRNA promoter 
The 1-kb upstream sequence of the C. intestinalis U6 snRNA gene seemed sufficient for 
driving the expression of small RNA molecules (~100 nt).  Northern blot analysis suggested 
unexpected termination outside of the authentic terminator sequence.  This result suggested 
that transcription of the 163-nt RNA was a hard task for RNA polymerase III, since the length 
of endogenous U6 snRNA was 107 nt.  However, this may not have affected the efficiency 
of shRNA expression, since the longest shRNA product to be expressed was 62 nt in length.  
Although a termination signal for RNA polymerase II was located about 500 bp downstream 
of the U6 transcription start site, no signal of ~500 nt was detected on the Northern blot, 
suggesting that the transcription was not mediated by RNA polymerase II. 
 
Background to RNAi in the C. intestinalis embryo 
The C. intestinalis genome contains a Dicer homologue.  The gene's ID at the C. intestinalis 
genome project web site (http://genome.jgi-psf.org/Cioin2/Cioin2.home.html) is 
e_gw1.03p.264.1 (Dehal et al. 2002).  In the C. intestinalis cDNA project, a few clones 
(cDNA cluster ID is 36600r1) were obtained from the libraries derived from the 
gastrulae/neurulae and tailbud embryos (Satou et al. 2002).  A gene encoding a PAZ 
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domain-containing protein similar to eukaryotic translation initiation factor 2C, which may 
constitute RISC, was also found in the C. intestinalis genome (gene's ID is gw1.02q.35.1).  
Many cDNA clones (cDNA cluster ID is 02015r1) have been obtained from libraries derived 
from all the embryonic stages so far examined.  We can therefore expect that the C. 
intestinalis embryo, at least after the gastrula stage, is equipped with the RNAi machinery.  
 
Design of shRNA-expressing plasmids 
We tried to design shRNA sequences according to the following rules, obtained by previous 
studies of expressing short RNA species (for a review see Dykxhoorn et al. 2003).  Since 
successful RNAi was performed when the U6 promoter was used to produce shRNA products 
where guanosine or adenosine was located in the +1 position (Miyagishi & Taira 2002, 
Miyagishi et al. 2004), oligonucleotides were designed so that guanosine or adenosine came 
to the +1 position.  Adenosine or thymidine was positioned at the 5' end of the antisense 
region and/or the first few nucleotides were made AT-rich, since RISC prefers the strand 
whose base pairing is weak at the 5' end (Schwarz et al. 2003).  To avoid the formation of a 
stem-loop DNA structure and unexpected recombination, three point mutations (C to T, or A 
to G) were introduced within the sense region (Miyagishi et al. 2004).  The regions were 
chosen where all nucleotides are evenly distributed, and stretches of a single nucleotide were 
avoided (Dykxhoorn et al. 2003).  By following these guidelines, the number of candidate 
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target sites is restricted.  In addition, only a part of the shRNAs was effective, probably 
because of differential accessibility of shRNA to different target sites (e.g. Katahira and 
Nakamura, 2003).  Therefore, several different shRNAs should be prepared for effective 
silencing. 
  
Efficiency of silencing by shRNA 
 Suppression of the tyrosinase activity was successfully achieved in the C. intestinalis 
tailbud embryo.  Melanization of two pigment cells in the brain vesicle was inhibited in 51% 
of electroporated embryos, without affecting other morphological features.  A 
pharmacological inhibitor of tyrosinase, 1-phenyl-2-thiourea, suppresses melanization in C. 
intestinalis larvae (Sakurai et al. 2004).  Melanization was also impaired by nonsense 
mutation of the tyrosinase-encoding gene in Ciona savignyi (Jiang et al. 2005).  A 
tyrosinase-specific antisense morpholino oligonucleotide has a similar effect (T. Kusakabe, 
personal communication).  In all these cases, larval morphology was not affected.  These 
previous observations are similar to the result obtained in the present study, suggesting that 
silencing by shRNA specifically targeted to the tyrosinase gene. 
 The silencing was not perfect in that 49% of electroporated embryos showed almost 
normal pigmentation.  Although electroporation easily produces 100~1000 transgenic 
embryos in a single experiment, a mosaic distribution of transgenes among blastomeres is 
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often observed.  As a result, the expression of transgenes is frequently detected only in the 
right (or left) half of bilaterally symmetrical tissues, probably due to the uneven distribution 
of the transgene into a single cell of the 2-cell embryo.  In fact, 16 out of the 40 notochord 
cells expressed EGFP in the embryo shown in Fig. 5B.  Therefore, we cannot expect 100% 
silencing with this method.  However, the amount of endogenous tyrosinase mRNA was not 
reduced even when pigmentation was strongly inhibited.  Another explanation is required for 
this fact.  Recently, two distinct pathways have been revealed for mRNA silencing 
(Valencia-Sanchez et al. 2006).  The difference depends on the function of two types of 
RISC, each containing either one of the Argonaute family RNA-binding proteins, Ago1 and 
Ago2 (Okamura et al. 2004).  siRNA is preferentially incorporated into Ago2-containing 
RISC, which mediates degradation of target mRNAs (Okamura et al. 2004).  
Ago1-containing RISC does not show strong endonuclease activity (Förstemann et al. 2007).  
Mismatch within the miRNA duplex facilitates preferential incorporation into 
Ago1-containing RISC, which mediates translational repression (Valencia-Sanchez et al. 
2006; Tomari et al. 2007).  In the present study, we designed shRNA containing mismatch so 
that recombination or the formation of a stem-loop DNA structure would not occur 
(Miyagishi et al. 2004).  Therefore, shRNA expressed in the Ciona embryo was possibly 
incorporated into Ago1-containing RISC, and mediated translational repression without 
degradation of target mRNA. 
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Electroporation is a powerful strategy since it does not require dexterity and produces 
a large number of transgenic embryos at one time.  Careful comparison between experiments 
and controls can provide valid data.  Our method involves introduction of circular DNA 
molecules into embryos, the transgenes are not expected to be integrated into the host genome.  
Recently, germ-line transgenesis has been successfully achieved using Minos transposon 
(Sasakura et al. 2003).  Stable transgenic lines expressing shRNA may be obtained if 
shRNA-expressing genes are constructed using Minos. 
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Figure Legends 
 
Fig. 1.  Transcriptional activity of the C. intestinalis U6 snRNA promoter.  (A)  The U6 
snRNA gene in the C. intestinalis genome.  The TATA element is boxed.  The putative 
transcription start site is indicated by an arrow.  The transcriptional termination signal is 
underlined.  U6R and U6R2 primers are indicated.  EcoRI and EcoRV restriction sites 
within the primers were shaded.  (B)  Alignment of the transcribed sequence of C. 
intestinalis and Homo sapiens U6 snRNA genes.  Identical nucleotides are indicated by 
asterisks.  (C)  Construction of the pSP-U6 plasmid.  A schematic diagram of pSP-U6 
shows that the C. intestinalis U6 snRNA genomic DNA fragment is inserted in pSP72-1.27.  
The position of U6R2 and SP6-80 primers were indicated.  (D)  The sequence of pSP-U6.  
The putative transcription start site is indicated by an arrow.  Clusters of T residues are 
underlined.  The sequence corresponding to the probe used in the Northern hybridization is 
shaded.  (E)  Northern blot hybridization.  RNA samples were separated by 
polyacrylamide gel electrophoresis.  Lane 1, RNA size marker stained with ethidium 
bromide.  Lane 2, Ethidium bromide-stained total RNA extracted from transgenic embryos.  
Lane 3, Northern blot of total RNA extracted from transgenic embryos, probed with the 
sequence indicated in (D).  (F)  Construction of the expression vector pSP-U6RV.  The 
pSP-U6RV plasmid contains XhoI and EcoRV sites at both ends of the U6 snRNA genomic 
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DNA fragment.  The EcoRV site is located at putative transcription start site.  The sequence 
between EcoRV and EcoRI sites is a part of the lacZ translated region.  This region is to be 
substituted with oligonucleotide cassette (see also Fig. 2). 
 
Fig. 2.  Construction of shRNA-expressing transgenes.  (A)  A schematic diagram of an 
shRNA-encoding oligonucleotide cassette, inserted between the EcoRV and EcoRI sites of 
pSP-U6RV.  (B-D)  Double-stranded oligonucleotide cassettes are shown on the left side.  
The sequences homologous to target mRNAs are shaded.  Putative shRNA products are 
shown on the right side.  Antisense regions are boxed.  The putative transcription start site 
is indicated by arrows.  Mismatches between the antisense and sense regions are indicated 
by asterisks.  The transcriptional termination signal is underlined.  (B)  A 
tyrosinase-specific shRNA-encoding cassette, named shTYR.  (C)  A control cassette that 
contains three point mutations (arrowheads), named shTYRmut.  (D)  An EGFP-specific 
cassette, named shEGFP. 
 
Fig. 3.  Suppression of melanization in pigment cells by the silencing of tyrosinase activity.  
(A)  Pigmentation affected by tyrosinase-specific shRNA (right) and control shRNA (left).  
Three independent experiments are summarized.  1, Normal pigmentation.  2, Weak but 
obvious pigmentation.  3, Residual pigmentation.  4, No pigmentation.  Data represent the 
 -30-
average of three independent experiments expressed as a percentage.  Bars indicate standard 
deviation.  The total number of embryos scored in the three experiments is indicated.  (B)  
Pigmentation in the control embryos.  The head regions of tailbud embryos are shown.  An 
arrowhead shows weak but obvious pigmentation.  (C)  The head region of tailbud embryos, 
electroporated with the shTYR-expressing plasmid.  Arrowheads in (B) and (C) show weak 
but obvious pigmentation.  Arrows in (C) show residual pigmentation. 
 
Fig. 4.  Expression of endogenous tyrosinase mRNA in shRNA-expressing embryos.  (A)  
The panel shows a dorsal part of the trunk region of a control tailbud embryo.  The 
tyrosinase mRNA (purple) was visualized by in situ hybridization (arrowheads).  A normally 
pigmented otolith cell (black) is obvious (arrow).  (B)  The trunk region of an embryo, 
carrying a transgene expressing a tyrosinase-specific shRNA.  In situ staining of the 
tyrosinase mRNA is indicated by arrowheads.  (C)  RT-PCR analysis of transgenic embryos.  
Arrows indicate PCR products amplified from genomic DNA (containing an intron sequence).  
Arrowheads indicate PCR products originated from mRNA.  The RT-PCR products obtained 
with or without reverse transcriptase (RT) are indicated by (+) and (-), respectively.  β-actin 
was amplified by RT-PCR as a control. 
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Fig. 5.  Suppression of the EGFP fluorescence.  (A)  Fluorescence affected by 
EGFP-specific shRNA (right) and control shRNA (left).  1, Normal fluorescence.  2, Weak 
fluorescence.  3, No fluorescence.  Data represent the average of two independent 
experiments expressed as a percentage.  Bars indicate standard deviation.  The total number 
of embryos counted in the two experiments is indicated.  (B)  Normal notochord-specific 
strong fluorescence produced by the Ci-Bra/EGFP transgene.  Note that only 16 of 40 
notochord cells emit fluorescence, probably due to the mosaic distribution of the transgene 
among blastomeres.  (C)  An example of weak fluorescence.  Weak but obvious 
fluorescence was detected in 8 notochord cells in the posterior tail region, indicating that this 
embryo contains the Ci-Bra/EGFP transgene.  (D)  An example of an embryo showing no 
fluorescence. 





